Ring-like structures, 2.0 -4.8 cm in diameter, observed in photosynthetic microbial 20 mats on the Wadden Sea island Schiermonnikoog (The Netherlands) showed to be the 21 result of the fungus Emericellopsis sp. degrading the photoautotrophic top layer of the mat.
Photosynthetic microbial mats, found worldwide in a variety of extreme 36 environments (Castenholz, 1994) , are dynamic laminated microbial communities 37 containing photoautotrophs, micro fauna, fungi, heterotrophic bacteria, and viruses. The 38 top layer of these mats is mostly composed of filamentous cyanobacteria and eukaryotic 39 microalgae, which fuel the heterotrophic prokaryote communities inhabiting the underlying 40 sediment (Van Gemerden, 1993; Canfield et al., 2005) . Due to the reduced grazing activity 41 (Fenchel, 1998) and the production of significant amounts of exopolymeric substances The bacterial abundances did not vary significantly across the different areas of the 118 ring in any of the samples (Table 1) . However the top layer always showed higher 119 abundance than the bottom layer, in both seasons. While bacterial abundances in the top 120 layer (0 -1 mm) were similar in November and July (1.1 ± 0.4 x10 10 g -1 and 1.3 ± 0.4 x 10 10 121 g -1 , respectively), the bottom layer (1 -2 mm) showed a significantly (p < 0.001) lower 122 bacterial abundance in July (0.4 ± 0.2 x 10 10 g -1 ) compared to November (0.9 ± 0.3 x10 10 123 g -1 ). The total average bacterial abundances in November and July were similar, i.e.1.0 ± 124 0.4 x 10 10 g -1 and 0.9 ± 0.5 x 10 10 g -1 , respectively (Table 1) . 125 As for the bacteria, viral abundances were similar in the different areas of the rings 126 (Table 1 ). Viral abundances in both seasons were higher in the top layer (0 -1 mm) than in 127 the bottom layer (1 -2 mm). In November the viral abundance in the 0 -1 mm layer was 128 similar (3.4 ± 1.2 x 10 10 g -1 ) to July (3.2 ± 1.2 x 10 10 g -1 ), but the bottom layer (0 -2 mm) 129 was 3-fold higher in November compared to July (8.5 ± 0.5 x 10 10 g -1 ; p < 0.001). The total 130 viral abundance did not vary significantly over time and ranged from 2.1 ± 1.4 x 10 10 g -1 131 (July) to 2.9 ± 1.3 x 10 10 g -1 (November) ( Table 1) . 132 Virus to bacterium ratio (VBR) was not significantly different between the various 133 ring areas. VBR in the bottom layer (1 -2 mm) was generally lower than the top layer 134 (Table 1 ) and significantly (p < 0.05) higher in November than in July for the 0 -1 mm (3.0 135 ± 0.8 vs. 2.5 ± 0.7) and the 1 -2 mm depth (2.8 ± 1.5 vs. 2.0 ± 0.4).
136
(Position of Table 1) 137 An examination of the fungal morphology and community composition was 138 performed in July, revealing fungus threads in the "ring in" and "ring out" areas. Isolation of 139 the fungi resulted in several colonies all with identical morphological characteristics, 140 suggesting the presence of a single cultivable fungal species in the "ring in" and "ring out".
141
Since all colonies showed the same characteristics, one unique fungal colony was 142 randomly chosen and subcultured several times to warrant a pure culture. The isolated 143 strain presented a radial growth with velvety and white hyphae. Microscopic examination 144 showed that hyphae were septated and hyaline. Sporulation was not observed even after 145 3 weeks of cultivation on MEA medium, indicating that the fungus requires specific 146 conditions to form reproductive structures.
147
Fungal identification was carried out by sequence analysis of three loci, LSU, ITS 148 and -tubulin, and the sequences obtained have been deposited in GenBank database 149 (Accession number: KJ196387, KJ196386 and KJ196385, respectively). A phylogenetic 150 analysis was performed comparing the obtained sequences to available sequences of 151 species of the genus Acremonium and Emericellopsis. As a first step a one-gene analysis 152 was performed using the LSU sequence, determining the phylogenetic position of the 153 isolated strain in the Acremonium clade belonging to the order Hypocreales (Summerbell 154 et al., 2011). The phylogenetic tree 1 (see Fig. S1 ) demonstrated that the isolated strain 155 falls into the Emericellopsis clade (94% bootstrap support), which includes species such 156 as Acremonium exuviaruam, Acremonium salmoneum, Acremonium potronii and 157 Acremonium tubakii. A second phylogenetic analysis was performed focussing on the 158 Emericellopsis clade using a two-gene analysis based on the ITS and -tub sequences 159 and the dataset generated by Grum-Grzhimaylo et al. (2013) . This study suggested that 160 the Emericellopsis clade could be split into a terrestrial clade, a marine clade and an 161 alkaline soil clade. The phylogenetic tree ( Fig. 4 ) indicated that the fungal strain isolated 162 from "ring in" fell into the terrestrial clade. The strain was most closely related to 163 Emericellopsis terricola, Emericellopsis microspora, Emericellopsis robusta and Samples of healthy mat were inoculated with the isolated strain Emericellopsis sp. 170 CBS 137197 (mycelium fragments) aiming to confirm the fungus as the specific causative The fungal induced lysis of the photoautotrophs and the subsequent re-colonization 184 of the main photoautotrophs was demonstrated by transferring a piece of microbial mat 185 infected with fungus ("ring in" and "ring out") to a non-infected microbial mat. The results 186 showed that the fungi in the "ring" area were able to degrade the photoautotrophs (Fig. 6 ).
14
The fungi moved from the transplanted area into the new mat while leaving a trail of 188 cleared mat with no autofluorescence (for both cyanobacteria and diatom). This cleared 189 zone was then re-colonised first by diatoms, showing a strong autofluorescence after blue 190 light excitation, and subsequently, after about 5 days, cyanobacteria showed increasing 191 autofluorescence in the same area ( Fig. 6 ). The "ring out" area, without autofluorescence, contained fewer fungi than observed 197 in the "ring in" area. In the "core", "outside" and the "mat" areas the microbial mat did not 198 show visible fungi. The temporal development of the rings due to fungal attack was 199 recorded and measured over a 10 days period by colour and autofluorescence imaging 200 ( Fig. 7) . Autofluorescence images after amber and blue light excitation showed the growth 201 of cyanobacteria and diatoms, respectively, compared to day 0. All 8 rings collected and 202 analysed in November and July were about 2 to 4.8 cm wide, and expanded at an average 203 rate of 0.12 ± 0.01 cm d -1 (Table 2 ). The oxygenic photoautotrophic re-growth, however, 204 was slower (0.04 -0.07 cm d -1 for cyanobacteria, and 0.07 -0.09 cm d -1 for diatoms).
205
Despite expected differences in environmental conditions and/or amount of fungus, the 206 range in degradation rates for these natural rings (Table 2) 
235
The different areas of the ring structure showed a clear temporal development, with 236 Emericellopsis sp. moving from the initial central core towards the outside in a circular 237 shape, thus leaving a trail of recognisable patterns. Emericellopsis sp. initially feeds on 238 photoautotrophs ("ring in") and at the same time moves towards non-infected mat ("ring 239 out") for new supply of resources. This could be facilitated by the release of e.g. toxins or 240 enzymatic activity diffusing out from the fungi, thus creating the characteristic periphery of 241 the ring ("ring out"). The actual mechanism of cell lysis remains unknown. Emericellopsis 242 sp. fungal species have been shown to produce the antibiotic Cephalosporin C that lysed 243 cyanobacteria (Redhead and Wright, 1978) . Quickly after the fungi cleared the mat from 244 photoautotrophs, a re-colonisation process took place with diatoms appearing first and 245 cyanobacteria following a few days later and finally dominating the mat again (see The direct impact of the fungi on photoautotrophic degradation of the mats may 264 also have implications for the cycling of organic matter and nutrients within the mats as 265 fungi have been shown to release labile organic matter and nutrients during degradation of 266 refractory matter (Sigee, 2005) . Possibly, algal lysate and other organic matter remnants 267 from the fungal degradation support bacterial and viral production in the cleared zones.
268
Overall, the potential increased heterotrophic activity could stimulate the remineralisation 269 of inorganic nutrients sustaining the new photoautotrophic production in the mats.
270
Consequently, fungal infections probably drive a local regenerated production that may 271 increase the overall productivity of the mat. The reduction of photoautotrophic biomass 272 due to fungal degradation, however, was not reflected in increased bacterial and viral 273 abundances in the infected sections ("ring in" and "ring out") compared to the non-infected 274 areas ("core", "outside", and "mat"). This suggested that the lysed photoautotrophic cells 275 were efficiently utilized by the fungi or alternatively, that increased bacterial activity did not 276 result in enhanced net abundance. However, more sensitive methods for estimating 277 bacterial activity should be applied in future studies to investigate a possible association 278 between the distribution and activity of fungi and bacteria.
279
The rings in November did not show the "ring in" and "ring out" areas compared to 280 July. This could simply reflect that the finer details of the ring structures could not be 281 visually resolved in the more wet sediment in November, although a different type of fungal 282 infection, with different ring morphology, cannot be ruled out. Cantrell et al. (2006) isolated 283 16 different fungal species from a hypersaline microbial mat, suggesting that fungi are a 284 common feature of microbial mats potentially involved in mat lysis. Nevertheless, we show 285 that Emericellopsis sp. was isolated and identified in these mats in two consecutive years.
286
Further study is needed to clarify if also other fungi can cause ring structures and what the 287 20 exact underlying mechanism is. The ring structures were only found during summer and 288 autumn, suggesting that low temperature and photoautotroph biomass limit fungal activity 289 during winter and spring. Gerdes (2007) speculated that other ring-structures (although 290 bigger in diameter) found in microbial mats, may result from gas surfacing from small exit 291 points in the mat causing dispersal of nutrients and stimulation of cyanobacterial growth, 292 although no conclusive studies were followed.
293
In summary, we showed that a fungus belonging to the Emericellopsis clade was Chlorophyll autofluorescence images were taken every second day for 10 days to 319 see whether there were changes in the rings over time. The images were obtained 320 according to Carreira et al. (2015b) . Briefly, photographs were taken using a cooled CCD 321 16 bits camera (Tucsen Imaging Technology Co. LTD, China) (1360 x 1024), with a long 322 pass 685 nm filter placed in front of the camera. The microbial mats were exposed to blue 323 and amber light excitation, to distinguish between diatoms and cyanobacteria, 324 respectively. Images were analysed with Image J (1.47m). Autofluorescence images of 325 blue to amber (BAR) were used as an indicator of cyanobacteria dominance (< 0), or 326 diatoms dominance (> 0). Colour images were also taken using a 12 bits CCD colour 327 camera (Basler Scout, Germany), and in July, images of the fungus were obtained by 328 stereomicroscope (Carl Zeiss, Germany). were taken from distinct locations in the ring, at two depths (0 -1 and 1 -2 mm). In
334
November samples were taken to the "core" and "outside", in a total of three samples per 335 22 area per ring, in 4 rings. In July samples were taken to "core", "ring in", "ring out", "outside", 336 and to "mat" (control). Two samples were collected per area and per ring in a total of 3 337 rings.
338
Extraction of bacteria and viruses were done according to Carreira et al. (2015a) . An isolation procedure was carried out intending to identify the fungal agents 360 involved in the formation of the ring structure on the intertidal photosynthetic microbial mat.
361
A mat sample (15 x 8 x 4 cm; L x W x H) containing several ring structures was collected 362 as previous described and the presence of fungi on this structure was investigated. Ten 363 pieces (0.5 x 0.5 x 0.1 cm; L x W x H) of mat were randomly taken from the "ring in" in 364 different rings and transferred to a tube containing 10 mL of sterilized water. This mixture 365 was vigorously stirred for 2 minutes and afterwards 100 µL of this suspension was used to 366 inoculate malt extract agar (MEA) plates supplemented with penicillin and streptomycin to 367 avoid bacterial growth. After 7 days of incubation at 25°C fungal colonies were observed 368 on all plates. A unique fungal colony was randomly chosen and sub cultured several times 369 in Petri dishes to ensure the obtainment of a pure culture.
370
Fungal identification was carried out by amplification and sequencing of three conditions. The development of ring-like structures was followed over 10 days by 407 autofluorescence and colour images.
408
To examine the effect of the fungus as the degrading agent of the mat and for the 409 development of the ring structures in the photoautotrophs, a piece (1 x 0.5 x 0.1 cm; L x W 410
x H) of microbial mat containing "ring in", "ring out", and "outside" was transplanted into a 411 non-infected microbial mat. The growth was followed with autofluorescence images taken 412 every day for 7 days. Table 1 Average abundances of bacteria and viruses, and the virus to bacterium ratio 
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